At present, the standard electrodes for intraluminal pH monitoring are combined glass electrodes which incorporate an integral reference electrode,'-3 but although these are highly accurate, they have some disadvantages. Studies of regional pH variations in the upper gastrointestinal tract require pH assemblies with more than two channels which, until now, have had to use glass electrodes. These assemblies cannot, however, be passed transnasally as they are too large and, if they are passed orally, they cannot be tolerated for more than a few hours, thus precluding long term ambulatory recordings with more than two channels.`Another problem with glass electrodes is that manufacturing costs are still so high that they are not disposable. On the other hand, most types of glass electrodes can only be disinfected: heat and gas sterilisation and the thermodisinfection method newly developed for fibreoptic endoscopes7 are not recommended. Therefore, transmission of infectious diseases such as hepatitis can never completely be excluded. Because of this, the availability of low cost and hence disposable electrodes is highly desirable.
Attempts to develop a small and inexpensive pH electrode are not new; two examples are the monocrystalline antimony89 and the plastic'0' electrodes. Neither type of electrode, however, is without its problems. Although the behaviour of antimony electrodes in vivo has been reported to be comparable with that of glass electrodes,'2 they are known to be non-linear over a pH range from 1 to 7 and they have a prolonged response time compared with glass electrodes.23 Furthermore, they require an external reference electrode attached to the skin and they may, therefore, suffer from the fact that the pH electrode and the reference electrode must work in environments that differ in respect of ionic background and temperature. Although integral reference electrodes are also susceptible to changes in the composition of gastric contents, it has been shown that the use of a distant skin or buccal reference electrode leads to significant differences in recorded pH.2 The main problem with plastic electrodes is that they cover only a selected pH range depending on membrane composition and other ions present in the sample. 13 in a neutral buffer solution for at least six hours before starting a measurement. The electrodes were then put in a buffer of pH 4.01 (S1316, Radiometer, Copenhagen, Denmark) at 22°C. The drift exhibited by ISFET electrodes has a characteristic form with an initial exponential change in electrode potential followed by a much slower but linear drift. In all cases the maximum deviation from the initial reading was observed at the end. Therefore, for the assessment of electrode drift the voltages were noted at the beginning and at the end of a 24 hour test period. The drift of an individual electrode was defined as the difference in voltage between first and second measurements. The same procedure was used to determine the.drift of five glass electrodes.
Response time Response times were defined as the time taken for the electrode voltage to reach 90% and 95% of its final reading in a given neutral or acid buffer solution. The electrodes, which were connected to a pH meter (PHM 85, Radiometer, Copenhagen, Denmark) and thence to a chart recorder (REC 80, Radiometer, Copenhagen, Denmark), were transferred between stirred buffer solutions of pH 7.38 and pH 1-10 at 37°C (S1356 and S 1386, Radiometer). Five At the end of each measurement the data were transferred from the data loggers to a host computer (EuroMak, Dr Weiss GmbH, Schriesheim, Germany). Data were evaluated using programs written in the language C and running under the OS-9 operating system (Microware, Des Moines, Iowa, USA).
In the initial evaluation step, the first and last 30 minutes of the recordings were displayed on the computer screen, and the operator was asked to mark, manually, the start and end of each calibration period. From this the computer then calculated the electrode zero point and sensitivity. These values were used later to transform each recorded electrode potential into its equivalent pH value.
Data presentation and statistics Standard analysis was performed by calculating the median pH for a defined time interval: in this case, the full 21 hour recording. In addition, successive median values were calculated from 300 consecutive raw data points (corresponding to 10 minute intervals) resulting in 126 data points from each ISFET and each glass electrode recording in every subject. These data points were used for graphical display and also for statistical analysis. For each recording, differences were calculated between the 126 data pairs (glass electrode reading minus ISFET electrode reading) and plotted against their means'7; bias was expressed as the mean of these differences. As a measure of overall agreement, the median of these mean differences was calculated regardless of their sign. Pearson's correlation coefficients were calculated for each recording solely in the interest of comparability with previous studies.
Results

IN VITRO STUDIES
Drift
The ISFET electrodes showed drifts of up to 15 mV/hour during the first four hours after their first immersion in buffer solution, but after this (Fig 3) show that the recordings from the two electrode types are nearly identical. Both show the typical diurnal pH variations, with a rise in pH during the night and meal-associated pH rises lasting for two to three hours at 19:00, 08:00, and 13:00. The means of the individual 21 hour medians were 2.09 and 2.07 measured with the glass and the ISFET electrode, respectively.
The readings of the two electrodes were compared for each recording by comparing the median pH values from corresponding, consecutive 10 minute intervals; the differences between these corresponding pH values are plotted against the means of the same two values (Fig 4) . These figures indicate that there is not a systematic bias -that is, neither electrode type records pH values consistently higher or lower than the other. It can also be seen that in most of the recordings the differences between the electrode readings are generally small; furthermore, these differences are relatively constant and do not increase with increasing gastric pH. The mean difference between electrodes was greatest in subjects 1 and 6, although this was not reflected by Pearson's correlation coefficient, which indicated a high degree of correlation for all recordings (Table II) .
Discussion
Ambulatory long term pH monitoring is now the main method for evaluating gastric secretory profiles and as such it represents an important research tool for investigating the influence of physiological'9 and pharmacological factors on gastric acidity. It has also become an essential clinical tool in the management of gastrooesophageal reflux disease.20 Upper gastrointestinal tract luminal acidity is, however, highly differences between the electrode types and obscured the fact that they provided comparable measurements ofluminal pH over the longer time periods normally used in studies of gastric acidity. The data show, in.fact, that the differences between the ISFET and glass electrodes in the current study are no greater than those found when two glass electrodes, in close proximity, are used for simultaneous gastric pH monitoring.' Furthermore, there is no systematic difference between the readings of the two electrode types, and, in the light of the experience with glass electrodes, it is probable that many of the differences between the recordings are due to regional variations in gastric luminal acidity25"27 rather than to differences between the electrodes.
Given that the glass electrode is an ideal pH sensor, the 'worst case' assumption would be that an ISFET electrode introduces an error of 0.168 pH units (Table II) into gastrointestinal pH recordings. This should not have a notable effect on the required sample size in gastric pH measurement studies since even with recording systems using a glass electrode, the smallest detectable difference between test groups over similar 24 hour measurement periods was in excess of 01 pH units. 24 Indeed, for shorter periods, variations in intragastric pH are so large and rapid that group pH differences of less than 1 -5-2-0 pH units cannot be detected.
In conclusion, the advent of ISFET electrodes represents a major advance in intraluminal pH measurement. Commercial availability and support will determine whether the ISFET pH electrode will fulfil its long term potential as a replacement for the glass electrode. In the short term, however, it also provides a new technique for mapping rapid, localised pH 
